Fibrin formation and mechanical stability are essential in thrombosis and hemostasis. To reveal how mechanical load impacts fibrin, we carried out optical trap-based single-molecule forced unbinding experiments. The strength of noncovalent A:a knobhole bond stabilizing fibrin polymers first increases with tensile force (catch bonds) and then decreases with force when the force exceeds a critical value (slip bonds). To provide the structural basis of catch-slip-bond behavior, we analyzed crystal structures and performed molecular modeling of A:a knob-hole complex. The movable flap (residues γ295 to γ305) containing the weak calcium-binding site γ2 serves as a tension sensor. Flap dissociation from the B domain in the γ-nodule and translocation to knob 'A' triggers hole 'a' closure, resulting in the increase of binding affinity and prolonged bond lifetimes. The discovery of biphasic kinetics of knob-hole bond rupture is quantitatively explained by using a theory, formulated in terms of structural transitions in the binding pocket between the low-affinity (slip) and high-affinity (catch) states. We provide a general framework to understand the mechanical response of protein pairs capable of tensioninduced remodeling of their association interface. Strengthening of the A:a knob-hole bonds at 30-to 40-pN forces might favor formation of nascent fibrin clots subject to hydrodynamic shear in vivo.
F
ibrin is the end product of blood clotting that constitutes a proteinaceous network providing the filamentous mechanical scaffold of clots and thrombi. Formation of fibrin is essential for stopping bleeding (hemostasis) and thrombotic obstruction of blood vessels (thrombosis). Fibrinogen is enzymatically converted to monomeric fibrin with exposed binding sites (knobs) 'A' and 'B' that interact with complementary sites (holes) 'a' and 'b' in the γ-and β-nodules, respectively, of the lateral D regions of another fibrin molecule ( Fig. 1 A-C) (1) . Fibrin polymerizes to form fibrin protofibrils, which elongate and aggregate into insoluble fibers that branch to form the space-filling network ( Fig. 1 A-C) . Mechanical stability of blood clots, in response to forces exerted, for example, by the blood flow and contracting platelets, is determined by the strength of the knob-hole interactions before covalent cross-linking. Binding of knobs 'A' to holes 'a' is necessary for fibrin polymerization (1) . A:a knob-hole interactions govern formation of fibrin and influence the structure and properties of clots and thrombi.
We explored single-molecule forced rupture of A:a knob-hole bonds (5, 6) . We discovered that the strength of A:a knobhole bonds increases with tensile force up to f ≈ 30-35 pN (catch bond), the nature of which is unknown in this context, and then decreases with force at f > 35 pN (slip bonds). A counterintuitive catch-slip bond behavior has been found in a number of systems-for example, P-selectin and PSGL-1 (7), E-cadherin dimer (8) , integrin α5β1 and fibronectin (9) , bacterial adhesin FimH (10) , von Willebrand factor and receptor GP1b (11, 12) , kinetochore-microtubule attachments (13) , microtubule-dynein complexes (14) , and vinculin-F-actin linkage (15) . The catch-slip bonds have been studied theoretically, including the two-state model (16, 17) , sliding-rebinding model (18) , hydrogen-bond network model (19) , and other models (20) . However, the structural basis of the catch-slip duality has eluded detailed characterization.
Here, we combined single-molecule forced unbinding assays in vitro and in silico to resolve the structural mechanism of the dual catch-slip response of fibrin polymers to tension (Fig.  1G ). Dynamic restructuring of the A:a association interface was revealed, which results in formation of bound states with tension-dependent binding affinity, a requirement for the bond lifetime increase upon force application (16, 17) . We provided a structure-based interpretation of the catch-slip dynamics for important interactions in fibrin (Fig. 1) . We developed a theory by extending Zwanzig's fluctuating bottleneck (FB) model (21) , introduced in the context of small-molecule binding to myoglobin, to quantitatively explain the experiments.
Significance
The fibrin network is the scaffold of blood clots that prevent bleeding. Fibrin formation is driven by noncovalent "knobhole" bonds that determine the mechanical properties of clots. Counterintuitively, the strength of knob-hole bonds first increased (catch bond) and then decreased (slip bond) with tensile force, thereby displaying a rare dual catch-slip behavior. We resolved the structural mechanism of tension-activated strengthening of the knob-hole bond. Our theory quantitatively accounts for the biphasic catch-slip force response, which comprises an important aspect of fibrin structural bionanomechanics. The shear-enhanced strengthening of noncovalent knob-hole bonds might favor fibrin polymerization under blood flow and might prevent breakup of nascent blood clots in the circulation. (2) with the α-, β-, and γ-chains colored in orange, green, and red, respectively. The β-and γ-nodules are in light blue and light gray, respectively. (F) A:a knob-hole complex containing the γ-nodule with hole 'a' and the N-terminal part of the α-chain with knob 'A' (orange); hole 'a' is formed by domains A, B, and P (3); the three-stranded β-sheets stack in B domain is shown in purple. Loop I (blue), interior region (green), and movable flap (red) interact with knob 'A' (4). In simulations, the tensile force was applied to αCys36, and γLys159 was constrained. (G) Schematic of the energy landscape for A:a knob-hole interactions. Tension perturbs the equilibrium LR 1 ↔ LR 2 between the low-affinity bound state LR 1 and force-stabilized high-affinity bound state LR 2 changing the kinetics of forced rupture, LR 1,2 → L + R.
Results
A:a Knob-Hole Bond Dissociation Under Tensile Force. Fibrin-fibrinogen bond lifetime as a function of constant tensile force. The A:a knob-hole interactions were probed at an interface during repeated touching of two microbeads coated covalently with fibrinogen (Fg), a source of holes 'a,' or monomeric fibrin (Fn), a source of knobs 'A' (SI Appendix, Fig. S1 ). By touching the Fn-coated surface with the Fgcoated surface, we allowed these molecules to form the A:a knob-hole complex (binding phase). Next, the surfaces were retracted by applying a constant tensile force to dissociate the A:a knob-hole bond (unbinding phase). Repeating the bindingunbinding cycles, we measured the lifetimes of Fg:Fn bonds, from which the force (f )-dependence of A:a knob-hole bond lifetimes was obtained (SI Appendix, Fig. S2A ). The distributions of bond lifetimes P (t; f ) were collected for f =10-60 pN (SI Appendix, Fig. S3 ). These were used to calculate the average bond lifetimes τ , which first increased with f up to f = 30-35 pN and then decreased for f > 40 pN (Fig. 2A) . Importantly, the addition of 3 mM CaCl2 weakened the A:a bond, and the nonmonotonic dependence of τ on f disappeared ( Fig. 2A) .
To distinguish the A:a binding from other interactions, we performed control experiments. Nonspecific surface-to-surface adhesion showed signals with τ < 0.03 s. Specificity was tested by coating the surfaces with proteins lacking knobs and holes [bovine serum albumin (BSA)] or lacking knobs 'A' and 'B' (Fg). The control interactions (Fg/BSA, Fn/BSA, and Fg/Fg interfaces) revealed mostly (93-97%) short-lived signals with τ < 0.03 s and a small fraction (0.6-2.5%) of more stable interactions lasting 0.04-0.5 s (SI Appendix, Table S1 ). The bond lifetimes of control background interactions did not show dependence on force ( Fig. 2A) . To distinguish the A:a binding from other associations, we measured the Fg-Fn interaction in the absence/presence of the GPRPam peptide (knob 'A' inhibitor). GPRPam suppressed specific A:a knob-hole interactions lasting >0.5 s (SI Appendix, Fig. S2A ). The binding probability for these interactions was several fold higher in the Fg-Fn system than in control systems, including Fg-Fn interactions inhibited by GPRP (SI Appendix, Fig. S2A and Table S1 ).
To test whether the intermediately strong interactions with 0.03 s < τ < 0.5 s contribute to the observed dependence of τ on f , we also compared the bond lifetimes obtained either by including or excluding these intermediate-strength interactions to or from the datasets. The profiles of τ (SI Appendix, Fig. S2C ) and the cumulative binding probability vs. f (SI Appendix, Fig. S2D ) were similar with a corresponding small shift to shorter bond lifetimes (SI Appendix, Fig. S2D ) and to a higher binding probability (SI Appendix, Fig. S2C ). We concluded that the bond lifetimes τ > 0.5 s represented specific Fg-Fn or A:a knob-hole interactions. We included these data in subsequent analyses and modeling and discarded the bond lifetimes τ < 0.5 s.
Bond lifetimes of the D:E complex as a function of tensile force.
To minimize the role of nonspecific interactions due to the large size of full-length Fn/Fg molecules, we replaced Fg with its smaller proteolytic fragment D, containing the globular portion (with hole 'a') and Fn with fragment E comprising the central globule. Fragment E exists in three variants: (i) bearing both knobs 'A' and 'B' upon cleavage of fibrinopeptides A and B with thrombin (fragment desAB-E); (ii) bearing only knobs 'A' upon cleavage of fibrinopeptide A with batroxobin (fragment desA-E); and (iii) having no knobs if uncleaved (fragment E) ( following a substantial reduction in surface density of fragment D (SI Appendix, Fig. S2F ). These results indicate that the D/desAB-E interactions are specific and that they reflect formation-dissociation of the knob-hole bonds. Exposure of knob 'A' in fragment desA-E (without knob 'B') preserved its ability to interact with fragment D in the catch-slip fashion (Fig.  2B ). The intact fragment E with uncleaved fibrinopeptides A and B was nonreactive with fragment D (Fig. 2B ). This provides evidence that the interactions between fragment D and fragments desAB-E and desA-E are specific, and they reflected the A:a knob-hole bonds. Hence, the observed catch-slip behavior was due to specific A:a knob-hole interactions.
Molecular Modeling of A:a Knob-Hole Interactions.
Dynamic force measurements in silico. Inspired by our experimental findings, we performed simulations using ramped force f (t) (Materials and Methods) and the atomic structural model of A:a knob-hole complex (Fig. 1E) . Two unbinding scenarios characterized by faster vs. slower dissociation at lower vs. higher molecular force F were observed (SI Appendix, Fig. S4 A and  B) . For the pulling speed ν f = 10 3 µm/s, the A:a bonds ruptured at F ≈ 60 pN in 50% of the 10 simulation runs and at 90 pN in 30% of runs, while in the remaining 20% of trajectories, the bonds dissociated at F ≈ 70 pN (SI Appendix, Fig. S4A ). For ν f = 10 4 µm/s, the bonds yielded at F ≈ 90 and 130 pN in 70% and 30% of the 10 trajectories, respectively (SI Appendix, Fig. S4B ). Hence, force stabilizes an alternative bound state not populated at f = 0. Structural basis for the catch bond. We monitored the total number of persistent binding contacts, Q, between the residues in hole 'a' and knob 'A' as a function of time t. Q is a measure of binding affinity reflecting instantaneous changes in the bond strength. We also analyzed the maps of knob-hole contacts (residues γSer240-γLys380; SI Appendix, Fig. S5 C and D) . We found that, unlike the bond rupture from the low-affinity bound state LR1 (L, ligand; R, receptor), the structures accessed along the dissociation from the high-affinity bound state LR2 were stabilized by force, which is linked to the origin of prolonged lifetimes (catch bond).
We characterized conformational transitions in hole 'a' under tension. Fig. 3 shows the profiles of F and Q and structures of the A:a knob-hole complex accessed along dissociation from the bound states LR1 and LR2. The LR1 → LR2 transition is controlled by the movable flap, which serves as a tensionsensitive regulatory element triggering the opening/closing of the binding interface (snapshots 2a and 2b in Fig. 3 ). When negatively charged γAsp291, γAsp294, γAsp297, and γAsp301 in the movable flap interacted with positively charged γArg256 and γArg275 of the β-sheet stack in the B domain (SI Appendix, Fig.  S5C ), the binding interface was open (low-affinity bound state LR1) and dissociation of knob 'A' was rapid (snapshots 2a in Fig. 3) ; see also an increase in contact density between the movable flap and B domain in SI Appendix, Fig. S5C . Under tension, the movable flap extended and translocated toward the ligand, thereby forming additional binding contacts between residues γAsp297-γPhe304 in the flap and αGly17-αGlu22 in knob 'A', which stabilized the high-affinity bound state LR2 (snapshot 2b in Fig. 3 ). This triggered loop I straightening, leading to formation of additional binding contacts between residues γLys321-γGlu323 in loop I and residues αGlu22-αHis24 in knob 'A' (SI Appendix, Fig. S5D ). As a result, the hole 'a' closed. Movable flap is a mechanical nanoswitch. To elucidate the role of the movable flap, we performed simulations with constant force f = 30 pN. We correlated the dynamics of binding contacts between knob 'A' and the entire binding interface, Q, with the dynamics of contacts between knob 'A' and the movable flap, QMF . The observed nonmonotonic behavior of Q and QMF was due to the tilting back and forth of the movable flap (SI Appendix, Fig. S5B ). This resulted in the flap switching on and off interactions with the β-sheet stack of the B domain. Additional binding contacts between residues in the movable flap and knob 'A' formed under tension (γPro299-αVal20, γSer300-αGly17, γSer300-αPro18, γAsp301-αArg19, γLys302-αGlu22, γPhe303-αPro18, γPhe303-αTrp33, and γPhe304-αVal20) were essential for the enhanced strength of the A:a bond at higher forces (Fig. 3) . We quantified the flap elongation DMF by measuring the distance between the flap and the β-sheet stack of the B domain (SI Appendix, Fig. S5B ). We selected three pairs of residues in the movable flap and β-sheet stack: γGly296-γAla282, γAsp297-γGly283, and γAsp298-γGly284. For each pair, we calculated DMF as a function of force and correlated changes in DMF and in Q. The increase in Q from 15-20 to 25-30 was accompanied by a ∼1.5-fold increase in DMF from 1.5 to 2.3 nm, which corresponded to the movable flap translocation from the periphery to the knob 'A' (SI Appendix, Fig. S5B ). The decrease in Q from 25 to 17 was correlated with the decrease in DMF from 2.3 to 1.3 nm, which corresponded to the flap tilting back (SI Appendix, Fig. S5D) . Hence, the binding affinity increase (state LR2) and the flap translocation were positively correlated (Fig. 3) .
Analysis of Crystal Structures.
Movable flap and weak Ca-binding site γ2. We analyzed all 27 crystal structures of the γ nodule of human fibrin(ogen) (table S1 in ref.
2). In seven structures, Ca 2+ is in the low-affinity Cabinding site γ2 (22) coordinated by residues γAsp294, γGly296, γAsp298, and γAsp301 in the movable flap. The structures of hole 'a' with and without Ca 2+ in γ2, overlaid in Fig. 4E , revealed significant structural changes upon calcium binding: γAsp297 and γAsp301 rotated away from knob 'A', forming contact with Ca 2+ . Hence, the X-ray data indicated that Ca-binding to γ2 blocked the movable flap motion, which might suppress the catch-bond formation. This agreed well with the absence of any and closed (high-affinity state LR 2 ). (B and C) The interface width X from two representative simulation runs, which resulted in bond rupture from state LR 1 (B) and LR 2 (C). B and C, Insets show probability distribution P(X), sampled over a 0.1-µs time window. The shift of P(X) over time (shown by arrows) reveals the continuous evolution of X. (D) Hole 'a' modeled as a FB of width X defined to be the radius of a circle circumscribing the triangle formed by residues γAsp297, γGlu323, and γAsn361. Under tension, X decreases from x 0 (LR 1 ) to x 1 (LR 2 ), which makes the rupture rate K depend on X. (E) Crystal structures of hole 'a' in the γ-nodule with (gray-blue) and without Ca 2+ (gray) in the γ2 binding site in the movable flap (boxed) and the GPRP-terminal part of knob 'A' (orange). Upon binding of Ca 2+ (cyan ball), γAsp297 in the movable flap rotates by 70
• and shifts by 5Å away from the GPRP-peptide (terminal part of knob 'A'; red arrow). Also shown is γAsp301 mutated to His in recombinant Fg Finland P21.
catch-bond regime in the Fg:Fn bond rupture kinetics in 3 mM CaCl2 solution (Fig. 2) .
Fluctuating Bottleneck Theory.
A:a interface remodeling. We analyzed the evolution in interface width X , defined as the radius of cross-sectional area formed by residues γAsp297, γGlu323, and γAsn361 in the movable flap, loop I, and interior region, respectively (Fig. 4) . In state LR1, X fluctuated between 1.3 and 2.5 nm (open hole 'a' ; Fig. 4B) ; in state LR2, X decreased from 1.3 to 0.8 nm (Fig. 4C) , implying that the bottleneck is formed when hole 'a' closes. The profiles of distribution P (X , t) (Fig. 4 B and C) , corresponding to the evolutions of X , shifted to larger X (rupture from LR1) or smaller X (from LR2). Hence, hole 'a' was a bottleneck (21, (23) (24) (25) with tension-dependent width X .
Hole 'a' is a fluctuating bottleneck. Force affects the dynamics of hole 'a' closure and the kinetics of knob-A escape. The bond lifetime t and bottleneck width X are coupled random variables (Fig. 4E) , described by the Smoluchowski equation for the joint distribution, the first and second terms describe tension dependence and fluctuations of X , respectively (ζ-friction coefficient). This equation can be solved as described in SI Appendix to obtain the Green's function solution G(X , X0; t). The distribution of bond lifetimes is P (t) = ∞ 0 dX ∞ 0 dX0G(X , X0; t)P (X0), and the average bond lifetime is τ = ∞ 0 dtP (t)t. However, the millisecond timescale of bottleneck fluctuations (η = ζ/κ; κ-interface stiffness) is much shorter than the bond lifetimes, and the initial distribution P (X0) = δ(X0 − x0) is peaked around a constant value x0. Under these conditions, P (t) = k X 2 e −k X 2 t , where the average width is X (t) = [x0e (Fig. 2B) showed very good agreement (Fig. 5) . The model has five parameters [friction was set to ζ = 10 −3 pN nm −1 s (diffusion of amino acids in water)]: interface stiffness κ=16.7 pN/nm, force-free interface width x0 = 2.8 nm (in state LR1), minimal interface width (in LR2) x1 = 0.6 nm, escape rate constant k0 = 0.11 nm 2 s −1 , and transition distance σy = 0.25 nm. Of these, κ, x0, and x1 can be directly accessed in the simulations, which reveal: κ = 10 − 30 pN/nm, x0 = 2.0 − 2.8 nm, and x1 = 0.5 − 0.9 nm. The critical force fc ≈ 33 pN agrees well with the experimental 30-to 35-pN range (Fig. 5) , thus justifying the proposed mechanisms for the catch bond. With these parameters, the distributions of bond (Fig. 2) is modeled by using FB theory. Snapshots show evolution of the A:a knob-hole complex from the low-affinity bound state LR 1 populated at low forces (f <10 pN) to the high-affinity bound state LR 2 stabilized at higher forces (f ≈30-35 pN). Fig. S3 ).
Discussion
Using single-molecule experiments, simulations, and theory, we have revealed the structural basis of catch-slip dynamics of forced rupture of A:a knob-hole bonds-the strongest noncovalent interactions in fibrin polymerization (Fig. 1) . Control experiments confirmed that the catch-slip behavior was due to dissociation of single knob-hole bonds (Fig. 2) . The catchslip transition was enhanced when both knobs 'A' and 'B' were exposed (Fig. 2) . In the presence of 3 mM Ca 2+ , the A:a bond weakened, and the catch-bond behavior was suppressed.
The movable flap is a molecular force sensor, which triggers the cross-over from the catch-regime to the slip-regime of bond rupture (Fig. 3) . Tension-induced strengthening of the A:a knob-hole bond results from dynamic remodeling of the A:a association interface, due to the movable flap translocation, and hole 'a' closing (Fig. 4) . Additional evidence for this mechanism came from crystal structures of fibrin(ogen), which showed large-amplitude structure alterations in the movable flap upon Ca 2+ binding ( Fig. 4E and SI Appendix, Fig. S7 ). Asp and Gly in the movable flap coordinate Ca 2+ , and the flap translocation is blocked, which explains the absence of a catch-regime in 3 mM CaCl2 solution. Obtaining recombinant fibrinogen mutants in amounts necessary for single-molecule assays is not feasible. We reconstituted in silico fibrinogen variants with constrained movable flap and with mutation γAsp301His in the movable flap (Finland P21; SI Appendix, section S6), which leads to hypofibrinogenemia associated with thrombosis (27) . Low 60-to 90-pN rupture forces were observed, which correspond to bond dissociation from the low-affinity bound state LR1 (SI Appendix, Fig. S6 ).
Several models of catch-bond exist (28), but none account for the binding interface remodeling. We extended the FB model (21, 23, 24, 29) to capture the flap translocation and hole 'a' closure (Fig. 4) . These observations were mapped into a mathematical framework, which provides evidence for a multitude of high-affinity bound states. Very good agreement between experimental data and theoretical curves of the P (t) (SI Appendix, Fig.  S3 ) and τ (Fig. 5) validated the model. FB theory helps: (i) to quantify dynamic structural changes at the interface of coupled biomolecules (conformational fluctuations of the binding pocket); (ii) to describe friction and temperature dependence of bond rupture (through stochastic differential equation; SI Appendix, Eq. S7); and (iii) to map the free energy landscape (escape rate and transition state distance). From FB theory, the difference in binding energies for LR1 and LR2 is ∆∆G = − (κ/2)(x0 − x1) 2 = −5.9 kcal/mol. For the A:a bond, K d = 5.8 µM. Assuming that LR2 is not populated in solution assays, the binding energy for LR1 is ∆G = −7.1 kcal/mol. From pulling simulations, the work to rupture the A:a bond, estimated by integrating over the force(F )-distance(X ) curve, is −5.1 kcal/mol, and assuming near-equilibrium, ∆G = −5.1 kcal/mol. ∆G can also be estimated by counting the total number of disrupted binding contacts N × 0.75 kcal/mol (energy/contact averaged over nonpolar, polar, electrostatic contacts, and hydrogen bonds). For LR1, N = 15 and ∆G = −11.2 kcal/mol. Hence, the experimental −7.1-kcal/mol value for state LR1 is in the −(5.1-11.2) kcal/mol range from simulations. For LR2, ∆G = −(12.4-18.7) kcal/mol. Hence, the binding free-energy difference between the catchand slip-bond is ∆∆G = −(7.3-7.5) kcal/mol, which is close to the −5.9 kcal/mol from FB theory.
Our results on the effects of Ca 2+ on the A:a bond are consistent with the effects of Ca 2+ on clotting. Calcium ions shorten the clotting time at lower Ca 2+ levels (30), but at higher Ca 2+ concentrations, fibrin polymerization is slowed (31) uptake by fibrin, implying that a Ca 2+ -free medium is favorable for the initiation of fibrin formation (34) . The physiological relevance of the A:a knob-hole bonds in the absence of Ca 2+ is reinforced by the fact that at the site of clotting, the local [Ca 2+ ] might be low due to strong Ca 2+ uptake by activated platelets (35) . Because platelet aggregation at the site of clotting precedes fibrin formation, low [Ca 2+ ] might promote formation of the incipient fibrin clot by enhancing the A:a knob-hole interactions via catch-bonds under the forces of blood flow. In a more general context, our data support the notion that Ca 2+ can modulate fibrin formation both kinetically and thermodynamically and that the low-affinity Ca 2+ -binding sites in fibrin might be a part of a physiological regulatory system of blood clot formation.
Functionally, the catch-bond behavior lends shear-enhanced strengthening to the A:a knob-hole bonds that favors fibrin polymerization and prevents damage of stressed clots. This is important early on during fibrin formation, when the incipient clot is small and the hydrodynamic shear stress is in the range that strengthens the knob-hole bonds. The catch-bond mechanism could also help to prevent embolization (clot rupture), during which thrombi lodge in smaller vessels, causing ischemic strokes, for example. The catch-bond mechanism is relevant for all hemostatic clots and pathological thrombi since fibrin is their structural basis. The discovery of the catch bond in fibrin is an important mechanochemical aspect of fibrin structure-function, which advances our understanding of blood clotting.
Materials and Methods
Optical Trap. Our model system is based on an optical trap (SI Appendix, Fig. S1 ) that uses a focused laser beam to generate the piconewton force to hold and move microscopic particles, such as micrometer-size polystyrene beads (5, (36) (37) (38) (39) (40) . A custom-built optical trap described in ref. 38 was used to measure the mechanical strength of protein-protein complexes subject to a constant tensile force. The core of the optical trapping system was an AxioObserver Z1 inverted microscope and a 60× 1.3-NA Fluor lens combined with a FCBar Nd:YAG laser (λ = 1,064 nm) with 4-W power in continuous TEM-00 mode. A computer-operated 2D acousto-optical deflector was used to control the trap position. The force exerted by the trap on the bead displaced by an amount ∆z was measured with a quadrant detector, and the trap position was corrected with an electronic feedback loop to keep the force constant. This system enabled control of the duration of compressive contact between interacting surfaces T, the magnitude of compressive force fc and the magnitude of the tensile force f = kopt∆z (kopt, optical trap stiffness). The time required to separate surface-attached proteins (bond lifetime) τ was measured. Experiments were conducted with the average trap stiffness of kopt= 0.19 ± 0.02 pN/nm. Force calibration and trap stiffness were confirmed with the Stokes' force method. LabVIEW software was used to record laser beam deflection, move the piezoelectric stage, and analyze data off-line.
Measurements of Protein-Protein Interactions. Surface modification and protein preparation are described in SI Appendix, section S1. Experiments were performed at room temperature in 20 mM Hepes (pH 7.4) containing 150 mM NaCl, 2 mg/mL BSA, and 0.1% (vol/vol) Triton X-100 added to reduce nonspecific interactions. Some experiments were carried out in the same buffer but with the addition of 3 mM CaCl 2 . A total of 1 µL of the Fg-coated or fragment D-coated bead suspension (10 7 beads per mL) was added to 50 µL of the working buffer and flowed into a chamber containing pedestals with immobilized fibrin or fragment E on their surface. After the chamber was placed on the microscope stage, a single bead was trapped, and the stage was moved manually to bring a pedestal within 1-2 µm of the trapped bead. After starting the bead oscillation, the separation of the pedestal and the bead was then reduced until they touched each other repeatedly with a compressive force fcomp = 20-30 pN and contact duration T = 0.5 s. The constant pulling force was varied from f = 5-60 pN. Trap displacement signals were recorded at 2,000 scans per second, and a bond lifetime was measured for each pedestal-bead-touching event. Several tens of pedestal-bead pairs were analyzed for each set of conditions. The binding-unbinding events from individual files were summarized; the total number of bond lifetime values recorded for each set of experimental conditions varied from ∼3,000 to ∼4,500. The bond lifetimes <0.5 s represented nonspecific interactions and were not susceptible for specific inhibition. These short bond lifetimes were not included into data analysis and modeling.
Dynamic Force Measurement of the A:a Bond Rupture in Silico. The atomic structure of the A:a knob-hole complex is described in SI Appendix, section S3. We used all-atom Molecular Dynamics simulations on a GPU using the Solvent Accessible Surface Area model of implicit solvation with the CHARMM19 force field (41) . We used a lower damping coefficient γ = 3.0 ps −1 for faster system equilibration and efficient sampling of the conformational space (42) . In force-ramp simulations, we used time-dependent pulling force f(t) = kopt(ν f t − ∆x), where ν f = 10 3 µm/s is the virtual pulling speed, kopt = 100 pN/nm is the trap spring constant, and ∆x is the displacement of a pulled residue. In force-clamp runs, we used constant tensile force f = 30-80 pN (Fig. 1G) . We constrained the Cα-atoms of γLys159 and tagged the Cα-atom of αCys36 (Fig. 1G ).
